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ABSTRACT  Domes  are  localized  areas of  fluid  accumulation  between  a  cultured  epithelial  cell 
monolayer and the impermeable substratum on which the cells are cultured in vitro. Dome formation 
has  been  documented  in a variety  of epithelial  cell  lines  that retain  their transepithelial  transport 
properties  in vitro.  However,  it is not known whether domes are predominantly  areas of specific 
active transport, or, alternatively, are predominantly areas of relative weak attachment to the culture 
surface.  In the present study we adapted a vibrating microelectrode, which can detect small currents 
flowing in extracellular fluid,  to determine if current was flowing into or out of domes and thereby 
to determine  if domes were specialized  areas of active transport. We  used alveolar type II cells  as 
the main epithelial  cell type because they readily form  domes in vitro and  because  they transport 
sodium from the apical to the basal surface. 
We found that electrical current flowed out of domes. The direction of the current was independent 
of the size of a dome, of the age of an individual dome, and of the number of days in primary culture 
for alveolar epithelial cells. This current was inhibited by amiloride and ouabain and was dependent 
on sodium  in  the  medium.  We  made similar observations  (outward current from  domes which  is 
blocked  by amiloride and by sodium substitution) with domes formed  by the Madin-Darby canine 
kidney  cell  line.  The  data  support  the  hypothesis  that  sodium  is  transported  across  the  entire 
monolayer  and  leaks  back  mainly  through  the  domes.  We  conclude  that  domes  in  epithelial 
monolayers are not predominantly special  sites of active transport but are more likely simply areas 
of weak attachment to the substratum. 
Domes are  focal regions of fluid accumulation between a 
cultured epithelial cell monolayer and the impermeable sub- 
strata on which the cells are cultured in vitro (11). A variety 
of epithelial cell lines, which retain their transepithelial trans- 
port properties in vitro, form domes in culture (5, 9). It has 
been recognized that an impermeable substratum, an effective 
permeability barrier provided by tight junctions,  and  net 
unidirectional ion transport provided by morphologically po- 
larized cells, are all essential for dome formation in vitro (5, 
15,  18,  19). Since it has been  difficult to  study epithelial 
transport in cultured cells and easy to estimate the number 
and size of domes, many investigators have used dome for- 
marion as a quantitative estimate of active transport in cul- 
tured epithelial ceils (7,  15, 21).  However, it is not known 
whether domes are specific sites of active transport or, alter- 
natively, are areas of weak attachment to the culture surface. 
In the present study, we used the vibrating mieroelectrode to 
measure current density around domes. The vibrating probe 
has been used to measure steady ionic currents in extracellular 
fluid of a wide variety of biological systems (17).  However, 
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the technique has rarely been applied to cultured epithelial 
cells. 
We have previously reported that alveolar type II cells form 
a polarized epithelial monolayer in culture with microvilli at 
their apical surface, tight junctions between cells, and a basal 
lamina beneath the cells, and that these cells actively transport 
sodium from the apical to basal surface as shown by formation 
of domes and  by their bioelectrical properties in a  Ussing 
chamber (14).  In the present study we adapted a  vibrating 
microelectrode to determine if current was  flowing into or 
out of domes, which allows us to clarify the electrophysiolog- 
ical  mechanism  by  which  domes  are  formed  in  cultured 
epithelial cells. A preliminary report of some of this work has 
been presented (20). 
MATERIALS  AND  METHODS 
Cell Isolation and Culture:  Alveolar  type ll cvUs were isolated from 
adult rat lung dissociated with elastase and were then partially purified on a 
discontinuous metrizamide density gradient (8). The cells were suspended at 
1541 106 cells/ml in Dulbecco's Modified Eagle's Medium supplemented  with  10% 
fetal bovine serum, 2 mM glutamine,  10/~g/ml gentamicin,  100 U/ml penicil- 
lin, and 50 ~g/ml streptomycin.  After type II cells had adhered overnight, the 
monolayers were rinsed with medium and the nonadherent cells were discarded. 
The resultant  adherent  cells, whether cultured  on plastic dishes or on dishes 
coated with extracellular matrix  made by bovine corneal endothelial cells (8), 
were >90% type lI cells, as judged by the modified Papanicolaou's  stain (6). 
Vibrating Microelectrode Technique:  The vibrating microelec- 
trode technique was used as described previously (2, 10). In brief, the vibrating 
microelectrode is a metal-filled glass micropipette  with an electroplated plati- 
num ball (10-15  ~m diam) on its tip and is attached to a piezoelectric bender, 
which  is oscillated at  a  constant frequency  (350  Hz in these  experiments). 
Excursion distance of the electrode tip is -30 ~m. The input signal is led to a 
lock-in amplifier (Princeton Applied Research, Princeton, N  J) which is a phase- 
sensitive detector. The output of the amplifier provides a measure of the peak- 
to-peak  potential  difference between the electrode tip at its excursion limits. 
Each electrode is calibrated with a known current source. A potential difference 
of 50 nV (peak-to-peak) can be readily detected. The resistivity of the balanced 
salt solution  is 75  ohm.cm; thus,  50 nV corresponds  to a current  density of 
~0.25 #Acm  -2. 
Experimental Procedure:  After 2 or 3 d in culture, alveolar type I1 
cells maintained  directly on plastic culture dishes formed small domes (~ 100- 
400/~m diam), and type II cells maintained  on the extraeellular matrix adhered 
better  and formed  larger domes (-800-1,200  #m diam).  After 2 to 7 d  in 
culture, cells were washed and placed in warmed balanced salt solution  (30- 
35°C), which is composed  of 137 mM NaCI, 5.4 mM KCI, 0.6 mM MgSO4, 
1.1  mM CaC12, 1.08 mM Na2 HPO4, 1.1  mM KH2PO4, and 5.5 mM glucose 
(pH 7.4). The movement of the vibrating microelectrode was oriented parallel 
to the monolayer  and approximately  perpendicular  to the side of the dome. 
The vibrating microelcctrode was placed at the edges of a dome and at a height 
midway between  the top of a dome and the  flat monolayer.  For technical 
reasons the microelectrode  could  not be placed directly perpendicular  to the 
top of a dome or to the flat portion of the monolayer. 
Materials:  Choline chloride was purchased from GIBCO (Grand Island 
Biological Company,  Grand Island, NY), and 4-acetamide-4'-isothiocyano-2- 
2'-disulfonic stilbene was purchased from ICN Pharmaceutical, Inc. (Cleveland, 
OH). Amiloride was the kind gift of Merck Sharp & Dohme Research Labo- 
ratories,  Division of Merck & Co.,  Inc. (Rahway,  NJ).  Reagents for culture 
were obtained as reported (6, 14). 
RESULTS AND  DISCUSSION 
We  found  that  current  (by  convention  the  movement  of 
positive charge) flows out of domes made by alveolar type II 
epithelial  cells  and  Madin-Darby canine  kidney  cells.  This 
outward current was observed with all domes, independent of 
the number of days in culture, of the size of a dome, and of 
the age of an individual dome. The magnitude of the current 
was 2.3 _+  1.2 zA/cm  2 (mean _+ SD, n =  15 domes in seven 
experiments) on plastic dishes, and 28.5 _+ 10.2 ~tA/cm  2 (n = 
16 domes in seven experiments) on extracellular matrix. The 
large  currents  were  usually but  not always found in  larger 
domes. The outward current from a dome was not symmet- 
rical; that is, it often was much larger from one side of a dome 
(n --  6,  Fig.  1).  There  are several possible  reasons that the 
currents  are  larger  when  cells  are  grown  on  extracellular 
matrix: (a) tight junctions between cells in the flat part of the 
monolayer might  be tighter;  (b)  the  domes could be  more 
leaky, or (c) the subepithelial space with the matrix might be 
less  resistive  to  current  flow  due  to  a  greater  separation 
between the monolayer and the dish. 
One possibility for the outward current from a dome might 
be due to the mechanical damage by the vibrating microelec- 
trode.  However,  we believe  that  the  current  is  not  due  to 
damage and  thereby imminent  collapse of a  dome  for the 
following reasons:  (a)  the  currents  from  individual  domes 
have been measured for many hours; (b) under direct obser- 
vation  after  current  measurement,  domes  remained  stable 
and lasted from 30 min to more than 7 h; and (c) when we 
deliberately hit a  dome with the vibrating probe,  the dome 




FIGURE  1  Current density around a dome. Current measurements 
are at the center of vibration of the probe (~25-30 ~.m from the 
membrane). The  outward currents were asymmetrical around a 
dome. The larger current was not always associated with the portion 
of the dome with the smallest radius of curvature. 
collapsed  rapidly,  and  as  the  dome  collapsed,  the  current 
increased  markedly and  even  persisted  after the  dome col- 
lapsed. 
Since  dome  formation  is  thought  to  be  an  indicator  of 
active transport,  we investigated  the effects of inhibitors  of 
transport. Fig. 2A shows the effect of amiloride, an inhibitor 
of apical sodium channels (1), on the current out of domes. 
Amiloride rapidly inhibited the current (n =  9). At a concen- 
tration of 10  -6 M, it inhibited the current by >50% of initial 
value,  and  l0  -4  M  amiloride almost completely eliminated 
the current.  Half-maximal inhibition was achieved with -2 
x  10  -7  M  amiloride  (n  =  3).  These  effects  were  readily 
reversible. Ouabaln (10  -4 M), an inhibitor of  Na+-K÷-ATPase, 
inhibited the outward current gradually and required  1 h for 
its full effect (80% inhibition, n =  3). The effects of ouabaln 
were  not  reversible  in  20  min.  The  slow  time-course  for 
ouabain effect is reasonable since ouabain blocks Na  + trans- 
port  by  inhibiting  Na÷-K+-ATPase  on  the  basal  surface, 
whereas amiloride acts immediately because amiloride blocks 
Na  + entry on the  apical surface.  Our results  are consistent 
with the reports that the formation of domes is inhibited by 
amiloride and ouabain (7,  12,  13,  14). The inhibition of the 
current  by  amiloride  and  ouabain  indicates  that  outward 
current from domes requires active sodium transport by the 
monolayer. 
To study the importance of sodium for the outward current, 
we replaced all the sodium in the medium with choline, an 
impermeant  cation.  Fig.  2B  shows  the  effects  of sodium 
substitution  on the  outward  current  from domes.  The  low 
Na  ÷ solution reversibly abolished the outward current within 
a  few  minutes.  This  effect was probably due  to a  gradual 
reduction of intemal sodium concentration, so that the Na  +- 
K ÷ pump was no longer active. In some cases the replacement 
of the Na  + led to a temporary reversal of the current before it 
disappeared. One possible explanation for this is that diffusion 
potentials for choline and sodium were established when the 
medium was changed (apical surface only) and the net diffu- 
sion potential  across the  paracellular pathway resulted  in a 
transient reversal of current flow. 
Substitutions of C1- by isethionate  or K ÷ by Na  ÷ had no 
significant effect on this outward current. Similarly, furosem- 
ide (10  -4 M), an inhibitor of CI- transport (3), 4-acetamide- 
4'-isothiocyano-2-2'-disulfonic stilbene,  an  anion  exchange 
inhibitor and C1- transport inhibitor (4), and BaCI2 (50 #M), 
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FIGURE 2  (A)  The effect of amiloride on the outward current density from a 
dome. The electrode, vibrating continuously, was alternately moved close to 
the dome (marked by bars) and then away to remote reference position in the 
bath. Upward deflection represents outward current. Amiloride, an inhibitor of 
apical sodium channels,  blocks  the outward current  reversibly (rinsing  the 
monolayer with normal medium is represented  by the arrow).  Half-maximal 
inhibition was achieved at 1.6 x  10  -7 M amiloride. (B) Substitution  of sodium 
by choline on  current  from  a dome. After the  first  three control readings 
(marked  by bars), the chamber was perfused  with low Na solution, and the 
current reversed and disappeared. The current returned to control value after 
replacement with sodium-containing medium (marked by the arrow). 
a  K ÷  conductance  inhibitor  (16),  had  little  effect  on  the 
outward current.  Goodman et al. (7) recently reported that 
formation of domes by alveolar type II cells was not affected 
by substitution  of C1-  or K ÷. The findings reported in  the 
present study suggest that the presence of Na  ÷ is essential for 
the outward current from domes formed by alveolar type II 
ceils.  We made similar observations (outward current from 
domes that is blocked by amiloride and by choline substitu- 
tion  for  sodium)  on  domes  formed  by the  Madin-Darby 
canine kidney cell line, and thus transepithelial sodium trans- 
port may be required for the outward current from domes by 
epithelial cells in general. 
In the present study, we demonstrated that current flows 
out of domes formed by alveolar epithelial monolayers and 
that  this  current  is  dependent  on  extracellular  sodium.  It 
would  be  helpful  to  determine  the  current  direction  and 
density over the fiat part of  the epithelium, but it is technically 
very difficult. Our previous study (14) demonstrated that the 
alveolar epithelial  cell  monolayer cultured  for 6-14  d  on 
collagen-coated filters transports  sodium  actively from the 
apical  side  to  basolateral  side;  the  open  circuit  potential 
difference is --1.0  mV, apical side negative, and the short 
circuit current is -2.0 #A. cm  -2. From the results presented 
here and in our previous study (14), we suggest the following 
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FIGURE  3  Schematic representation of the  current from a  dome. 
Alveolar type  II  cells  actively transport  sodium  from  the  culture 
medium  to  beneath  the  monolayer (dashed arrows), which results 
in fluid accumulation between  the cell  monolayer and the culture 
dish,  and  sodium  leaks  back  into  the  culture  medium  through 
domes (solid arrows). The apical cell surface (microvilli) is shown in 
contact with the medium; the basolateral  surface  is shown facing 
the culture dish. We measured the current by the electrode, which 
was vibrated parallel to the monolayer and approximately perpen- 
dicular to the side of the dome. 
hypothesis (Fig.  3).  The  epithelium transports Na  ÷ and  an 
accompanying anion across the entire monolayer and water 
follows passively.  The solute and water create a  hydrostatic 
pressure which form a dome at a site of weak attachment to 
the substratum. The junctions between cells in a  dome are 
stretched, the transepithelial resistance decreased, and current 
flows out of the dome. Thus, the outward current in a dome 
would be generated by both the dome and fiat part of the 
monolayer. These  ionic  currents are  additive  so that  in  a 
dome  the  outward leak  is  much  greater  than  the  inward 
current due to active transport. In a dome there is likely to 
be the same inward current as in the fiat part of  the epithelium, 
but this inward current is masked by the large outward current 
passing between the cells  of a  dome.  This  hypothesis also 
explains the observation that the current density around a 
dome is not symmetrical (Fig.  1), because the magnitude of 
the outward current from domes is likely to depend on the 
tightness of intercellular junctions between cells in different 
parts of a dome. We conclude that domes in epithelial mon- 
olayers are  not special  sites  of active  transport.  From the 
present study,  one speculation for dome formation is that 
domes arise from areas of weak attachment to the substratum, 
and that the number of domes will be  determined by  the 
attachment to the substratum and the conductance of the 
junctional complexes (paracellular pathway) as well as the net 
transepithelial transport by the entire monolayer. 
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